Two four-wave-mixing ͑FWM͒ processes can coexist in a four-level Y-type atomic system with carefully arranged coupling laser beams. The generated two FWM signal beams fall into two simultaneously opened dual electromagnetically induced transparency ͑EIT͒ windows, which can be tuned to overlap or separate by various frequency detunings. The authors report our experimental observation of competing FWM processes, especially mutual suppression of the two FWM signals when the two EIT windows merge in frequency. Controlling FWM processes can have important applications in wavelength conversion for optical communication. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2768872͔ Efficient four-wave-mixing ͑FWM͒ processes enhanced by atomic coherence in multilevel atomic systems 1-4 are of great current interest. With enhanced higher-order nonlinearity and reduced linear absorption for the generated signal beams using electromagnetically induced transparency ͑EIT͒, 5 efficient six-wave mixing ͑SWM͒ has been generated experimentally. 6, 7 Recently, interference between two FWM processes in two-level atomic system has been studied, 8 which can generate biphotons and entangled photon pairs. By suppressing the FWM processes with atomic coherence and multiphoton interference in a multilevel open-cycled atomic system, higher-order SWM or eight-wave mixing 9 can be made to be comparable and coexist with the lowerorder FWM processes, and, therefore, to observe interference between these two different wave-mixing processes.
In this letter, we report an experimental demonstration of generating two highly efficient and competing FWM processes simultaneously in an open-cycled Y-type atomic system in which the dual-EIT windows are used to transmit the two generated FWM signal beams, respectively. The Y-type four-level atomic system is shown in Fig. 1͑a͒ . If we consider the lower transition ͉͑0͘ to ͉1͒͘ together with only one upper branch ͑either ͉1͘ to ͉2͘ or ͉1͘ to ͉3͒͘, it is a simple ladder-type three-level atomic system. If only one coupling beam is used in the upper transition, the three-level ladder system has a simple EIT peak. 5 If two coupling beams ͑with one each͒ interact with the two upper branches, respectively, double EIT peaks will appear in such four-level atomic system. 10 However, if two coupling beams ͑with same frequency͒ are used at one upper transition ͑for example, ͉1͘ to ͉2͒͘, a FWM signal ͑ f1 ͒ will be generated at the same frequency as 1 , 7 which will fall into the EIT window in this ladder-type system ͉͑0͘ − ͉1͘ − ͉2͒͘. Similarly, a FWM signal ͑ f2 ͒ will be generated If we only consider another upper transition ͉͑1͘ to ͉3͒͘ with two coupling beams. The generated FWM signal f2 will fall into a different EIT window ͑due to ͉͑0͘ − ͉1͘ − ͉3͘ ladder system͒. Now, when both upper branches are used with four coupling laser beams, as shown in Fig. 1͑a͒ , the two generated FWM signals ͑ f1 and f2 ͒ via the two different channels ͑or different upper branches͒ will compete with each other. These two FWM signals can be either distinguishable when the frequency detunings of the coupling beams are different ͑with two separate EIT windows͒ or "no distinguishable" when the two EIT windows are tuned to overlap with each other. We investigate the interplay and competition between these two FWM processes under different frequency detunings and coupling laser intensities.
The laser beams are aligned spatially in the square pattern, as shown in Fig. 1͑b͒ , with four coupling beams ͑E 2 , E 2 Ј, E 3 , and E 3 Ј͒ propagating through the atomic medium in the same direction with small angles ͑ϳ0.3°͒ between them. For a simple four-level Y-type atomic system, as shown in Fig. 1͑a͒ , two strong coupling fields, E 2 ͑ 2 , k 2 , and Rabi frequency G 2 ͒ and E 2 Ј ͑ 2 , k 2 Ј, and Rabi frequency G 2 Ј͒, drive the upper transition ͉1͘ to ͉2͘ and the other two strong laser fields, E 3 ͑ 3 , k 3 , and Rabi frequency G 3 ͒ and E 3 Ј ͑ 3 , k 3 Ј, and Rabi frequency G 3 Ј͒, drive the transition ͉1͘ to ͉3͘. A weak laser field, E 1 ͑ 1 , k 1 , and Rabi frequency G 1 ͒, probes the lower transition ͉͑0͘ to ͉1͒͘. With the phase-matching con-
cess ͑II͒ for the subsystem ͉0͘ − ͉1͘ − ͉3͔͘, the two generated FWM signals are in the exactly same direction ͓as shown in the right lower corner in Fig. 1͑b͔͒ . This system also generates SWM signals, 11 which propagate in a different direction due to phase matching
four coupling beams are on. However, if one of the coupling beams ͑either E 2 Ј or E 3 Ј͒ is blocked, one of the FWM processes will be turned off and a SWM signal will be generated in its place in the same direction as the FWM signal ͑deter- mined by the different phase-matching conditions͒, as in the case reported in Ref. 7 . One way to describe this composite system is to use dressed-state picture. One can consider the FWM process from ladder ͉0͘ − ͉1͘ − ͉2͘ to be perturbed or dressed by the coupling fields E 3 and E 3 Ј ͓i.e., the middle level ͉1͘ is dressed to be ͉ϩ͘ and ͉Ϫ͘, as shown in Fig. 1͑c͔͒ . So, the perturbed FWM processes can be described by
͑3͒ . The third-order nonlinear susceptibility can be calculated via appropriate perturbation chains, which give the leading contributions to the nonlinear wave-mixing processes. When both E 3 and E 3 Ј are blocked, the simple FWM via Liouville pathway
⌫ ij is the transverse relaxation rate between states ͉i͘ and ͉j͘. Next, when the dressing fields E 3 and E 3 Ј are turned on, the FWM process ͑I͒ will be perturbed ͑dressed͒ by both fields. Using the perturbation technique and appropriate coupling equations, we obtain
Similarly, we can consider the FWM process
10 ͑3͒ ͔ from the right ladder subsystem ͉͑0͘ − ͉1͘ − ͉3͒͘ as perturbed by the coupling fields E 2 and E 2 Ј, so the perturbed FWM can be described by the perturbation chains
͑3͒ . Using the same procedure as above, we can obtain the modified third-order nonlinear susceptibility as
where
Since both of these mutual dressing processes exist at the same time in the experiment, and the two generated FWM signals are copropagating in the same direction, the total detected FWM signal will be proportional to the mod square of ͑3͒ ͑⌬͒, where
Detail calculations of ͑3͒ ͑⌬͒ indicate that several interesting physical processes exist in this composite system which describe the interplay between these two FWM processes. The first one is the mutual dressings of the two ladder subsystems, which perturb both FWM processes and modify ͑suppress and enhance͒ the total amplitude of the FWM process, especially when these two FWM signals are tuned together in frequency through adjusting frequency detunings. Second, when the two generated FWM signals are overlapped in frequency, constructive or destructive interference can result due to the sign change either in I ͑3͒ or II ͑3͒ under different frequency detuning conditions. However, in the current system the competition between the two coexisting FWM channels is dominated by the contributions of the mutual dressing effects, which can be an order of magnitude lager than the interference effect.
The experiment was done in an atomic vapor cell of 85 Rb. The energy levels of 5s 1/2 ͑F =3͒, 5p 3/2 , 5d 3/2 , and 5d 5/2 form the four-level Y-type system, as shown in Fig. 1͑a͒ . The five laser beams were carefully aligned in a pattern, as indicated in Fig. 1͑b͒ . The probe laser beam E 1 ͓with wavelength of 780 nm from an external cavity diode laser ͑ECDL͒, connecting transition 5s 1/2 −5p 3/2 ͔ is horizontally polarized and has a power of 7 mW ͑corresponding to the Rabi frequency of 2 ϫ 28 MHz͒. The laser beams E 2 and E 2 Ј ͑wavelength of 776.16 nm, connecting transition 5p 3/2 −5d 3/2 ͒ are from another ECDL split with equal power ͑16 mW corresponding to the Rabi frequency of 2 ϫ 36 MHz͒, each with a vertical polarization. The laser beams E 3 and E 3 Ј ͑wavelength 775.98 nm, connecting transition 5p 3/2 −5d 5/2 ͒ are from a cw Ti:sapphire laser split with equal power, each with a vertical polarization. Great care was taken in aligning the five laser beams with spatial overlaps and wave vector phase-matching conditions with small angles ͑ϳ0.3°͒ between them, as indicated in Fig. 1͑b͒ . Two diffracted FWM signals ͑k f1 and k f2 satisfying phase-matching conditions͒ with horizontal polarization appear in the direction of E f1 and E f2 ͓at the lower right corner of Fig. 1͑b͔͒ and are detected by an avalanche photodiode detector ͑APD͒. The transmitted probe beam is detected by a silicon photodiode.
First, the dual-EIT or electromagnetically induced absorption ͑EIA͒ windows of the Y-type system are measured by setting the frequency detunings of the coupling beams ͑with fixed ⌬ 2 and different ⌬ 3 values͒, with five laser beams ͑E 1 , E 2 , E 2 Ј, E 3 , and E 3 Ј͒ on at the same time, and scanning the probe frequency detuning. These two modified EIT windows from the two ladder-type EIT subsystems ͑at standard ⌬ 1 =−⌬ 2 and ⌬ 1 =−⌬ 3 EIT or EIA position in probe transmission trace detected at the silicon photodiode͒ are depicted in Fig. 2͑a͒ ͑the fixed peaks along the dotted line with ⌬ 2 fixed are due to ͉0͘ − ͉1͘ − ͉2͘ ladder subsystem and the moving peaks change with ⌬ 3 detuning are from ͉0͘ − ͉1͘ − ͉3͘ ladder subsystem͒. Notice that, by varying the detuning ⌬ 3 from −662 to 596 MHz, the evolution path of the ladder ͉0͘ − ͉1͘ − ͉3͘ probe transmission alters from EIA, EIT to EIA again in Fig. 2͑a͒ . Meanwhiles, as the probe detuning ⌬ 1 is scanned, two generated wave-mixing signals are observed on the APD ͓Fig. 2͑b͔͒. Since the two FWM signals are diffracted in the same spatial direction, we can identify them by selectively blocking different laser beams and detuning dif- ferent laser frequencies. More explicitly, in Fig. 2͑b͒ , we identify the fixed single peak at ⌬ 1 =0 ͑with ⌬ 2 =0͒ as the modified FWM ͑I͒ signal ͑k f1 ͒ and the shifting double-peak signal ͑with different ⌬ 3 values͒ as the other modified FWM ͑II͒ signal ͑k f2 ͒, respectively, which appear always in the two separated EIT windows. The dip in the middle of the FWM ͑II͒ signal at stronger fields E 3 and Fig. 2͑b͔͒ is due to three-photon destructive interference. 7 Moreover, we intentionally set large frequency detunings at the top and bottom traces to separate the two generated FWM signals in Fig. 2 for clarity. When the frequency difference ⌬ ͑between ⌬ 2 and ⌬ 3 ͒ is reduced, these two EIT windows start to merge and the two FWM signals begin to overlap and compete, and the line shape of the double-peak FWM signal changes from asymmetric to symmetric at the exact resonance ⌬ 3 =0. 7 The reduction of the FWM ͑II͒ signal is approximately 50%; the FWM ͑I͒ signal is suppressed completely at ⌬ = 0, when the centers of the two FWM signals are fully overlapped ͓Fig. 2͑b͔͒. Figure 3 presents the changes of two single-peak FWM signals at relatively low coupling Rabi frequencies. The fixed peak corresponds to modified FWM ͑II͒ and the shifting peak corresponds to modified FWM ͑I͒ for different frequency detuning ⌬ 2 values. It is easily seen from Fig. 3͑a͒ that, as the frequency detuning ⌬ 2 changes, the two generated FWM signals change from large to small ͑when they overlap͒, to large again, where the fixed peaks ͓FWM ͑II͔͒ are along the dotted line and the moving peak ͓FWM ͑I͒ signal͔ shifts from left side to right side. To quantitatively understand such phenomenon of interplay between these two coexisting FWM processes, the evolution paths of the two coexisting FWM signals have been calculated using ͑3͒ ͑⌬͒, and the results are plotted in Fig. 3͑b͒ . The modified FWM ͑I͒ and FWM ͑II͒ signal intensities show maximum suppressions at exact resonances ⌬ 1 + ⌬ 3 =0 ͑for the dressing fields G 3 and G 3 Ј͒ and ⌬ 1 + ⌬ 2 =0 ͑for the dressing fields G 2 and G 2 Ј͒, respectively. 7, 9 More explicitly, there exists a maximum suppression for both of the FWM signals at the exact multiple-EIT condition ⌬ 1 =−⌬ 2 =−⌬ 3 . Thus, when the difference ⌬ between ⌬ 2 and ⌬ 3 is reduced, the two EIT windows start to merge and the companying FWM signals from the two channels overlap with each other, and significant suppression of these FWM signal intensities occurs due to competition.
In order to clearly demonstrate that the single-peak FWM signal can only compete with one individual peak of the double-peak FWM signal, two FWM signals in different ladder-type EIT windows of the Y-type system are measured by setting the coupling beam frequency detunings ͑with fixed ⌬ 3 and different ⌬ 2 values͒, with five laser beams ͑E 1 , E 2 , E 2 Ј, E 3 , and E 3 Ј͒ on at the same time. Figure 4 shows the competitions between the two distinguishable FWM signals ͓the fixed double-peak signal corresponding to FWM ͑II͒ and the moving single-peak signal corresponding to FWM ͑I͔͒ through changing the frequency detuning ⌬ 2 . As the frequency detuning ⌬ 2 changes ͑from large to small͒, the single-peak FWM ͑I͒ signal starts to emerge into the left peak of the FWM ͑II͒ signal and suppresses it, as shown in the middle curve ͑⌬ 2 = 260 MHz͒ of Fig. 4͑a͒ or the curve with ⌬ 2 = 180 MHz in Fig. 4͑b͒. Figures 4͑a͒ and 4͑b͒ are with different G 3 and ⌬ 3 values. Similarly, the FWM ͑I͒ signal can emerge into the right peak of FWM ͑II͒ and suppress it, as shown in the middle curve ͑⌬ 2 = 155 MHz͒ of Fig. 4͑a͒ or the curve with ⌬ 2 = 92 MHz in Fig. 4͑b͒ . When the centers of the two FWM signals are completely overlapped ͑⌬ =0͒, the largest suppression ͑ϳ90% ͒ of the two generated FWM signals occur at the multiple-EIT condition of ⌬ 1 =−⌬ 2 =−⌬ 3 , as indicated in the curve with ⌬ 2 = 143 MHz in Fig. 4͑b͒ .
